Background Immediately recycling the resected bone segment in a biologic limb salvage reconstruction is an option after wide resection of bone. Intraoperative extracorporeal irradiation and freezing are the two major tumor-killing techniques applied on the fresh tumor-bearing autografts. However, graft-derived tumor recurrence and complications are concerns affecting graft survival. Questions/Purposes We therefore asked: (1) Is there a difference in the proportion of patients achieving union by 18 months after surgery between the groups with extracorporealirradiated autografts and frozen-treated autografts? (2) Is there any difference in the frequency of graft-related complications for patients receiving either an extracorporeal-irradiated or a frozen-treated autograft? (3) Is there a difference between the techniques in terms of graft-derived recurrence? (4) Are there differences in failure-free grafts, and limb and overall survivorship between autografts treated by extracorporeal irradiation or by freezing? Methods During the study period we treated a total of 333 patients with high-grade osteosarcoma. One hundred sixtynine patients were excluded. Overall, 79 of the enrolled 164 patients received recycled autografts treated with extracorporeal irradiation whereas the other 85 received frozentreated autografts. The mean followup was 82 6 54 months for the extracorporeal irradiation group and 70 6 25 months for the frozen autograft group, and one patient was lost to followup. Complications and graft failure (revision required for primary graft removal) were characterized by adapting the International Society of Limb Society (ISOLS) system modified for inclusion of biologic and expandable reconstruction. The primary study endpoints were the proportion of patients in each group who achieved radiographic union, and had an ISOLS grade of fair or good host graft fusion at 6, 9, 12, and 18 months after surgery. Five-year survival data for graft failure and limb amputation were analyzed by a cumulative incidence function regression Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/ licensing arrangements, etc) that may pose a conflict of interest in connection with the submitted article. Taipei Veterans General Hospital approved the human protocol for this investigation, and each author certifies that all investigations were conducted in conformity with ethical principles of research. This study was done at Taipei Veterans General Hospital, Taipei, Taiwan. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research ® editors and board members are on file with the publication and can be viewed on request. model whereas the Kaplan-Meier function was used to test the 5-year overall survival rate between the two techniques. Results With the numbers available, no differences were found in the accumulated proportion of patients achieving union between the groups at 6, 9, 12, and 18 months. Radiographic evaluation did not show differences in the average scores of compared criteria. However in the subchondral bone subcriterion, more patients receiving frozen-treated autografts had higher scores (p = 0.03). Complications leading to a second surgery were not different between extracorporeal irradiation and frozen autografts in aspects of soft tissue failure (Type 1B), nonunion (Type 2B), structural failure (Type 3A and Type 3B), or infection (Type 4A and Type 4B). No graft-originating tumor recurrence was found and there was no difference in Type 5A tumor progression originating from soft tissue in the groups (odds ratio, 0.8; 95% CI, 0.3-2.1; p = 0.7). Neither group showed a difference in the cumulative incidence for graft failure and limb amputation. Five-year overall survival rates were 83% and 84% (p = 0.69) for extracorporeal-irradiated and frozen autografts respectively. A decrease in survivorship was seen at 50 to 100 months after surgery for the extracorporeal irradiation group. Conclusion We segregated the ISOLS criteria evaluating the graft-mediated tumor progression into host-or graft-derived complications (Types 5B and 5C) in this study. With the available data, there was no difference in the incidence of tumor recurrence derived from irradiation-or frozen-treated autografts. Ongoing evaluations comparing 10-year survivorship for both groups will be helpful to elucidate the possible difference found after 100 months. Level of Evidence Level III, therapeutic study
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Introduction
The goal of surgery for primary malignant bone tumors is to remove local disease and restore limb function. Wide resection and limb salvage surgery are the standard treatments for primary malignant bone tumors such as highgrade osteosarcoma. After tumor resection, biologic and nonbiologic (tumor prostheses) techniques are available for reconstruction. Tumor prostheses are devices providing quick assembly and immediate mechanical stability. However, infection and aseptic loosening also raise concerns [2, 18] . Limb salvage with biologic reconstruction with either allografts or autografts (recycled from the resected autogenic bone segment) has advantages in host bone-graft incorporation and better longevity [7, 15, 23] . It has been reported that the overall survivorship of prostheses was 35% to71% at 10 years and 80% for irradiated autografts [10] . In addition, a tendon/ligament-bearing bone graft is preferable for soft tissue reconstruction [15] and lower risk of transmitted diseases [7] . Several methods have been developed to eradicate tumor cells before implantation, such as pasteurization [1, 4] , extracorporeal irradiation [7, 17] , freezing [10, 15, 19, 21] , and autoclaving [22] .
Currently, extracorporeal irradiation and freezing are used at our institute for treating autografts used in biologic reconstruction. Both methods aim to eradicate tumor cells from local recurrence. Compared with extracorporeal irradiation, the freezing procedure did not require an extracorporeal irradiation machine. In addition, the freezing procedure can be done in the operating room, which saves delivery time and avoids contamination. However, an intrafreezing graft fracture could compromise some advantages. Studies evaluating the use of extracorporeal irradiation [7, 9, 13, 17] or frozen autografts [10, 15, 19] and acceptable outcomes in terms of complications and graft failure-free survivorship have been reported. Owing to the unexpected events in surgical practice, we did not randomize the selection of either technique for patients receiving autografts. Up to now, a standard protocol determining the preferable pretreatment of autografts for a specific subject has not been developed. Despite observing equivalent outcomes, in our experience, irradiation and ultrafreezing exhibit effective activity in tumor eradication but jeopardize graft-host bone incorporation and graft structure [13] in different physical mechanisms. Consequently, the damaged grafts may mediate various effects on union, perioperative complications, and graft survivorship. Having science-based knowledge based on a comprehensive comparison between these two techniques would be helpful to justify a preferred technique for a specific patient.
Specifically, we asked: (1) Is there a difference in the proportion of patients achieving union by 18 months after surgery between the groups with extracorporeal-irradiated autografts and frozen-pretreated autografts? (2) Is there any difference in the frequency of graft-related complications for patients receiving either an extracorporeal-irradiated or a frozen-treated autograft? (3) Is there a difference between the techniques in terms of graft-derived recurrence? (4) Is there a difference in 5-year graft failure-free limb and overall survival rates between the autografts treated by extracorporeal irradiation or by freezing?
Methods

Patients
The protocol of this study was approved by the institutional review board of Taipei Veterans General Hospital (Number 2016-05-013CC). A total of 333 patients with high-grade osteosarcoma were treated at our institute between January 1998 and December 2012. One hundred sixty-nine patients were excluded owing to unplanned surgery (n = 36), loss to followup (n = 1), use of allograft (n = 91), use of tumor prosthesis (n = 22), or no reconstruction (n = 19) (Fig. 1) . Finally, 164 patients with histopathologically verified high-grade osteosarcoma after wide resection and reconstruction with recycled autografts were included in the study. Before now, our institute did not have a standard protocol justifying the use of either technique. Generally, for elderly or patients with poor survival we prefer using tumor prostheses. For patients with a severe osteolytic lesion or pathologic fracture, we used allografts. Other patients undergoing reconstruction received autografts. Selection between extracorporeal irradiation and the Fig. 1 The study flow design is presented. ECIR = extracorporeal irradiation 
Surgical Procedures
After neoadjuvant chemotherapy, all patients received wide tumor resection and reconstruction with recycled autografts. For the extracorporeal-irradiated autografts, the bone segment was tightly wrapped with a sterile drape and sealed in doubled-layered plastic bags. The sealed bone segment was irradiated by a linear accelerator with a single dose of 150 Gy to 300 Gy. A radiation field was ensured to adequately cover the tumor-bearing bone segment. The treated bone segment was returned immediately for the reconstruction surgery. For the frozen treatment, the resected segment was frozen in liquid nitrogen for 20 minutes, followed by slow thawing at room temperature for 15 minutes and 10-minute successive thawing in distilled water. An intrafreezing graft fracture was the major concern during the freezing procedure but could be avoided by creating tunnels through the bone medullary cavity or drilling a few holes in bone segments for homogenous distribution of liquid nitrogen. Three patients who received allografts were excluded owing to intrafreezing graft fractures during the early phase of this study. The extracorporeal-irradiated and frozen-treated autografts were reimplanted and fixed using osteosynthesis materials. For fixation, we routinely used a dual or a single plate with the cemented stem of the prosthesis to achieve rigid fixation.
Unless there was poor soft tissue coverage or small bone structure, we used a single plate to fix the recycled autograft.
Rehabilitation and Followup
After surgery, patients were allowed partial weightbearing and performed muscle-strengthening exercises. Increased weightbearing and strength exercises were allowed if there was radiographic evidence of improvement in bone union. Radiographs were assessed every 4 to 6 weeks after surgery until union was achieved. MR and chest CT images were acquired quarterly during the first 2 postoperative years and every 6 months between 3 and 5 years after surgery. MR and chest CT images were evaluated annually after the 5-year followup. For patients requiring revision surgery, Type 1 complications (soft tissue failure) were managed with general wound closure, and a plastic surgeon was consulted for the flap reconstruction. For the patients showing Type 2 complications (nonunion), we generally performed surgery with secondary autograft bone grafting.
Radiographic Evaluation
Radiographic evaluation of the grafts was done using the International Society of Limb Society (ISOLS) allograft radiographic evaluation system [5, 8] . It has three specific parameters including "graft", "bone composite" and "osteochondral". Despite this evaluation system's primary development for allograft transplantation, its use for evaluating autografts also has been reported [1, 16] . For the scoring system, the grades of excellent, good, fair, and poor were scored as 4, 3, 2, and 1, respectively. A senior radiologist (Y-CC) reviewed the images and evaluated the grade of union. The primary study endpoint was the proportion of patients in each group who achieved radiographic union at 6, 9, 12, and 18 months. We defined bone "union" as being achieved when the radiographic image showed the graft-host bone junction fusion exceeded more than 75% of the cortical thickness (corresponding to "good fusion" in the ISOLS system) or the fusion was graded as "fair" (25%-75% fusion) without further improvement. Fusions that failed to meet one of the criteria of "union" were considered "nonunions". For grafts with more than one graft-host bone junction (intercalary, epiphyseal preservation, hemicondylar, hemicortical, or fusion surgeries), union was determined by all junctions achieving union.
Modification on the Characterization of Autograftderived Complications and Failures
For a transplanted tumor-bearing autograft, residual tumor cells may lead to tumor recurrence or progression which can impair rehabilitation. The current version of the ISOLS classification system characterizes two types of tumor progression: "Type 5A -soft tissue tumor progression with allograft contamination", and "Type 5B -bony tissue tumor progression with allograft contamination" (see Appendix, Supplemental Digital Content 1) [8] . To compare the tumor-killing effectiveness between the two techniques, we need to further specifically identify the graft-originated tumor recurrence from the host bone-derived recurrences. Therefore we modified the current ISOLS classification system addressing the tumor progression. First, we amended Subtype 5C specifying secondary tumor recurrence originating from the implanted grafts that were not characterized in the ISOLS classification. The graft-originated tumor recurrence was characterized as graft invasion with recurrent tumor observed on MR images or with pathology verification. If the MR image showed soft tissue tumor recurrence without bone involvement, it was characterized as Type 5A. For a recurrent tumor observed on an MR image as being close to a recycled autograft, the recurrence was classified as Type 5C if the pathology results revealed graft invasion, indicating an autograft-originated tumor recurrence. Subtype 5B specifically indicated host bony tissuederived tumor progression. In addition, Type 6 failures in pediatric patients were not applicable in this study. Second, we determined the "complications" as those that could be managed without removal of entire grafts. Complications resulting in revision surgery to remove entire grafts were characterized as "failures". .03  2  3  0  3  1  9  4 1 3 *Continuous variables were examined using t-test, p < 0.05 indicates a significant difference in average scores between the two groups. †categorical variables were compared using chi-square test, p < 0.05 indicates a significant difference in distribution of scoring subgroups between the two groups. ECIR = extracorporeal irradiation. NA = not available.
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Statistics
Cumulative incidence function for graft failure and limb amputation was determined using the cmprsk package (Version 2.2-7) from the R program (R Development Core Team 2010, R Foundation for Statistical Computing, Vienna, Austria). Overall survival rate was calculated and compared using the Kaplan-Meier method. Categorical variables were compared using a chi-square test, whereas continuous variables were analyzed using a t test. All analyses were conducted using SPSS Version 24.0 (IBM Corporation, Armonk, NY, USA), and a twosided probability less than 0.05 was considered statistically significant. Post hoc analysis was used to examine the power of the statistical results.
Results
Proportion of Patients Achieving Union at Four Intervals During 18 Months
In both groups, most patients achieved postsurgical union by 20 months (Fig. 2) . At the end of 6 months after surgery, the union rate for the patients receiving extracorporeal-irradiated autografts was 10% (eight of 77), and it was 19% (16 of 84) for the group receiving frozen autografts (Table 2) . At 9 months, 49% (38 of 77) of patients who received irradiation treatment achieved union whereas the ratio for patients receiving the frozen treatment was 48% (40 of 84). At 12 months, the accumulated ratios of patients achieving union were 65% (50 of 77) and 68% (57 of 84) for the patients receiving irradiation and frozen treatment respectively. After 18 months postoperative, 87% (67 of 77) of patients receiving extracorporeal irradiation achieved union whereas the rate was 80% (67 of 84) for the patients receiving frozen autografts. With the numbers available, we found no difference between the irradiated and frozen autografts regarding the union rate at the four interval evaluations, and no difference was found in the union rate between the patients in either group at the four times. However, the results of post hoc analysis showed a power smaller than 0.8, indicating that the nondifference needs to be further verified with a larger population.
Graft-related Complications and Failure
With the results of radiographic evaluation on the "graft" and "bone composite"-specific parameters, we did not find differences between the extracorporeal-irradiated and frozen-treated autografts in terms of mean scores for graft fusion, resorption, fracture, shortening, and fixation (Table 3) . With further analysis of the scoring categories, we found that subchondral bone was graded with higher scores for the patients receiving frozen autografts (p = 0.03) ( Table 3) . Among 19 patients with graft nonunion, 18 were classified as having an atrophic subtype. We did not find a difference in the incidence of atrophic nonunion between the groups receiving irradiated (10%, eight of 79) or frozen (12%, 10 of 85) autografts (odds ratio [OR], 1.18; 95% CI, 0.44-3.17; p = 0.74) ( Table 4 ). The complication rates attributable to structure failure (Types 3A and B) and infection (Types 4A and B) also were comparable (Table 4) . If tumor progression (Types 5A, B, and C) was excluded, the total numbers of complications were 23 (29%) and 25(29%) for the extracorporealirradiated and frozen-treated autograft groups, respectively (OR, 0.01; 95% CI, 0.51-1.99; p = 0.97). Most complications (87% in extracorporeal irradiation-treated group and 88% in frozen-treated group) occurred during the first 3 years after surgery (Fig. 3) . The complication rates were decreased (11% in extracorporeal irradiationand 4% in frozen-treated groups) by the end of the 5-year followup.
We further characterized "graft failure" as the events resulting in secondary surgery to remove the primary grafts and to implement alternative management (Table 5) . If the patients with tumor progression were excluded, 6% (five of 79) of the patients with complications in the extracorporeal irradiation-treatment group and 4% (three of 85) in the frozen-treatment group had progression of their graft failures (Table 5 ). All Types 1 and 2 complications were successfully treated with additional procedures without graft failure (Table 5) .
Graft-derived Tumor Progression
Tumor progression occurred in 21 patients but no tumors originated from the transplanted autografts (Type 5C, Table 4 ). The overall tumor recurrence rate was 15% (12 of 79) in the extracorporeal irradiation-treated group and 11% (nine of 85) for the frozen-treated group, and the available results did not show a difference between the two groups (OR, 0.66; 95% CI, 0.26-1.67; p = 0.37). Tumor progression originated mainly from soft tissue (13%, 10 of 79 for irradiation and 11%, nine of 85 for frozen-treated [Type 5A]) (Table 4 ) rather than host bone (3%, two of 79 for irradiation and none for frozen-treated [Type 5B]) (Table 4) .
Among the patients with tumor recurrence, 62% (13 of 21) had progression of graft failure that required graft removal. Seven of the 13 tumor recurrence related-graft failures were in the irradiation-treated group whereas the other six were in the frozen-treated group (Table 5) .
Failure-free Graft, Limb and Overall Survivorship
With the available data, irradiation and freezing showed no differences in the probability of graft failure (p = 0.36, Fig. 4A ) or limb amputation (p = 0.81, Fig. 4B ). The 5-year overall survival rates were 83% for extracorporeal-irradiated and 84% for frozen-treated autografts (p = 0.69, Fig. 4C) . A reduction in the overall survival rates was found at approximately 100 months for the extracorporeal irradiation group.
Discussion
Recycled tumor-bearing autografts are an alternative option if prosthetic devices or allografts are not available owing to the cost or lack of availability from the bone bank. Tumor recurrence usually leading to graft failure is Volume a major concern for use of autografts, despite that studies on small series using either allografts or recycled autografts have shown favorable bone union and enhanced sustainable longevity [7, 23] . Extracorporeal irradiation and freezing are two techniques commonly used for treating autografts to eliminate residual tumor cells. Some studies have shown acceptable survival rates and function [10, [15] [16] [17] . However, the effectiveness of tumor eradication for both techniques has not yet been fully determined. In addition, complications such as graft fracture attributable to irradiation or shock from freezing and thawing, and infection derived from an autograft's exposure to an ambient condition, may negatively affect bone-graft union and graft survivorship. Despite that we observed equivalent outcomes in this study, comprehensive evaluation of the clinical outcomes using a generally accepted standard protocol of these two techniques is required to justify either technique as being suitable for a specific patient. In this study, we found no difference in union rates between irradiation and frozen treatment on the recycled autografts by 18 months. We also did not find differences in the incidences of complications and graft failure. This study has several limitations. Owing to later implementation of the frozen technique at our institution, scientific rationales for determining the selection of one technique over another for individual patients were not considered. Selection bias subject to surgical methods may affect the clinical outcomes. For example, Hayashi et al. [7] reported that irradiated osteoarticular bone grafts were not favorable for weightbearing joints owing to a high incidence of reoperation (47%). Igarashi et al. [10] reported that for patients receiving liquid nitrogen frozenosteoarticular autografts, a high incidence (44%) of graft failure was attributable to fracture or infection, however all composite and intercalary grafts survived. In our study, demographic analysis that showed no difference in terms of surgical methods supported the decreased selection biasderived effect. Later implementation of the freezing technique also led to a shorter mean observation period that was close to the margin indicating a difference. The modeling curve for the three survival rates consistently appeared as an apparent reduction at approximately 100 months for the patients receiving irradiated autografts but it likely was absent in the frozen-treated group. In this study we analyzed only the 5-year failure-free grafts and limb and overall survivorship but not the 10-year survivorship owing to a shorter mean followup for the frozen-treated group. Therefore we are not able to conclude survivorship longer than 5 years between these two groups. In addition, there are other variable factors such as oncogenic structure damage, quality of grafts, sites of reconstruction, and stabilization during reconstruction that may affect the generalization of this study. All these related factors need to be considered and included in the study design for a future investigation.
In both groups, more than 80% of patients achieved union by 18 months after surgery, with no difference in terms of the accumulated union rate at four times. Most unions were detected within 8 to 14 months after surgery. Fourteen grafts united late (> 18 months) without additional surgery. A long-term evaluation by Igarashi et al. [10] of the clinical outcomes of 36 patients receiving frozen autografts revealed a union rate of 72% (26 of 36), which was close to our result. In our study the nonunion rate was 10% for patients receiving extracorporeal irradiation and frozen treatment. In another long-term study of irradiation treatment, it was 16% (12 of 74) [7] . Longer union time (16 months) [4, 14] and higher nonunion rates (20% to 33%) [4, 11] have been reported for reconstruction using pasteurized autografts. In an 11-patient study, shorter union time was reported for frozen-treated autografts compared with pasteurization treatment (7 months versus 11 months) [14] . Better union associated with frozen autografts rather than hyperthermic pasteurization may be attributed to preservation of active BMP-7 [20] that is able to induce new bone formation in vivo. Therefore we theorize that irradiation and freezing procedures could preserve more active growth factors required for osteogenesis such as BMPs and VEGF. A previous histologic analysis involving patients receiving retrieval surgery showed osteonecrosis in subchondral bones, suggesting that subchondral bone is vulnerable to irradiation exposure [6] . Intriguingly, frozen-treated autografts exhibited a trend associated with higher-scoring categories in subchondral bone performance in our study. However, because of the small number of patients receiving osteoarticular bone grafts, the validity of the difference needs to be further verified. We found fair performance for extracorporeal-irradiated and frozen-treated autografts for all osteoarticularspecific criteria including subluxation, joint narrowing, and subchondral bone. Excellent radiographic outcomes were found for evaluation of bone prosthesis composites and there was no difference between extracorporealirradiated and frozen autografts. These results are consistent with results from prior studies [3, 23] . The total complication rate was 44% (35 of 79) for irradiation treatment in our study, and Hayashi et al. [7] , in a long-term study, reported a complication incidence of 51% (38 of 74). For the patients receiving frozen autografts, we found a complication rate of 40% (34 of 85) that was comparable with a previously reported 39% rate (14 of 36) [10] . Most complications (approximately 90%) in both groups occurred during the first 3 years after surgery, after which they were found less frequently. In the current study, we specifically defined "graft failure" as those situations in which the graft subsequently was surgically removed. Hayashi et al. [7] reported a complication-driven graft failure rate of 11% (eight of 74) for patients receiving irradiated autografts; it was 15% in our study. In general, the overall rates of complications and graft failure obtained in our study were similar to those of Hayashi et al. [7] . Specifically, infection occurred in 8% (six of 79) of patients in the irradiation group in our study and in 18% (13 of 74) of patients in the study by Hayashi et al. [7] . Infection occurred in 5% (four of 85) of our patients receiving frozen autografts, whereas it was 11% in the study by Igarashi et al. [10] .
Use of tumor-bearing bone grafts raised concerns regarding tumor recurrence. To compare the tumoreradicating effect between irradiation and freezing, a modified ISOLS classification system of allograft failures was adapted by amending a subtype complication, Type 5C, specifying tumor recurrence or progression originating from the implanted autografts. Our results are consistent with those of a previous study [12] showing the incidence of tumor recurrence in a range of 7% to 20%. In our study however, no tumor recurrence was derived from extracorporeal-irradiated or frozen-treated autografts (Type 5C). This indicates that either 150 Gy to 300 Gy irradiation or 20 minutes of liquid nitrogen freezing and slow thawing achieve similar and reliable efficacy in eradicating tumor cells.
Regarding survivorship, Hayashi et al. [7] reported a reduction in disease-specific and irradiated bone graft survival rates for 100 months after surgery. Igarashi et al. [10] also reported a dramatic decrease in the graft survival rate by 100 months after surgery among a small series of patients receiving frozen osteoarticular bone grafts, but there was no difference in survival rate for reconstructions receiving composites and intercalary grafts in their study. It is an intriguing issue and deserves further investigation.
Based on the current study, a protocol is needed to better control our choice of surgical method and autograft treatment. We will continue to collect results from our patients for a 10-year survivorship analysis.
